Abstract: Several different compositions of tellurium-thallium glasses were fabricated and tested for their Raman gain performance. The maximum Raman gain experimentally obtained was (58 ± 3) higher than the peak Raman gain of fused silica.
Introduction
Raman amplification is an important technology that has made an impact on currently deployed commercial optical transmission systems. However, all of these devices utilize silica based fibers, and it is well known that silicates are one of the weakest nonlinear glasses for Raman gain [1] . Chalcogenide glasses are known to have the highest nonlinearity of all glasses, but they also have high attenuation coefficients (on the order of meter-) and low optical damage thresholds [2] [3] [4] [5] . Tellurite glass has been thoroughly researched in terms of the role of its structure on optical nonlinearities and these glasses have exhibited some of the highest nonlinearities in oxide glasses known to date [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . It has been shown that introducing thallium into a tellurite glass matrix can firther increase the nonlinearity as the molar percentage of tellurium or thallium is changed [6,7 14-16] . Here we report on the impact on the Raman gain by varying the tellurium to thallium ratio in a binary glass, and also the impact of adding PbO to the matrix for both Raman gain and damage threshold.
Glass Elaboration
Glassy pellets were prepared by first melting, in platinum crucibles for half an hour at 800°C, appropriate quantities of reagent grade chemicals: PbO (Aldrich, 99.5%), TeO2 (prepared by decomposition at 550°C of commercial H6TeO6 (Aldrich, 99.9%)) and Tl2TeO3 (synthesised by heating at 350°C for 18 hours, under nitrogen atmosphere, an intimate mixture of TeO, and T12CO3). The melts were then quickly quenched by flattening between two brass blocks separated by a brass ring to obtain cylindrical samples 10 mm wide and of varying thickness (cooling rate about 104°K/s). The band edges of all seven samples fell between 350nm and 450nm, with the band edge being defined as the wavelength where absorption reaches 10 cm-'. The samples were optically polished to allow optical beams of 125 PM beam waist to pass through 1-3 mm of the glasses with minimum scattering. The glasses reported in [16] and reported here were fabricated by the same research group. The procedure to test for Raman gain in bulk glass samples has been reported previously [11] . In summary, picosecond pulses of high irradiance at 1064nm are used as a pump source and a wavelength tunable source from an OPG/OPA is used as the amplified probe. Since Raman gain is primarily a polarization sensitive process, the probe is linearly polarized 45 degrees with respect to the linear pump polarization. After propagation through the sample a monochromator is used to filter the pump from the probe wavelength, and the two probe polarizations enter two identical, calibrated germanium detectors via a polarizing beam splitter. In concert with a calibrated silicon detector for the 1064nm pump, Raman gain can be accurately measured on a shot-to-shot basis and averaging is done over hundreds of shots. The experiment apparatus was calibrated on a 3.18mm piece of Corning 7290 fused silica sample (peak measured Raman gain = 1.1 x 10-13 mIW, in good agreement with published values), and corrections were made for Fresnel reflections at the surfaces with the corresponding index of refraction data [17, 18] . The Raman gain data published in [11] has also been compared to cross-section calculations based on spontaneous Raman scattering experiments on the same samples and has been shown to be in good agreement [12] .
Results and Interpretation
The measured Raman gain values have been overlaid with the spontaneous Raman scattering spectra (normalized to the peak Raman gain) for two TeO2-T10O.5-PbO glasses that were investigated. The spontaneous Raman spectra were obtained using a 900 scattering configuration with an exciting wavelength of 780nm to obtain scattering data at a wavelength much longer than the band edges in order to avoid any resonantly enhanced Raman scattering. The decrease in the spontaneous Raman data at low frequencies is caused by a notch filter used to remove the strong pump from the scattered signal. Figure 1 Table 1 illustrates how the 650-670 cm-' peak of the TeO4 structure and the 710-720 cm-' peak of the T104 structure vary with molar concentration within the glass matrix, and lists the measured optical surface damage thresholds. It is not yet known why the addition of PbO to the glass matrix increases the surface optical damage threshold over the binary TeO2-T10.50 glasses based on previous analysis of identical compositions, but we suspect it may be related to lead's ability to participate as a network former, enhancing the matrices' average bond strength and hence, threshold [16] . [19] . Addition of a second or even third species which contains a lone pair was also shown to further increase the purely electronic third order non-linearity n2 in these glasses [16] . As the ratio of tellurium to thallium is varied, the 650-670 cm-' and 710-720 cm-bands vary in terms of strength for Raman gain. The peak Raman gain coefficient of (58±3)x10-l3 m/W experimentally observed represents the highest directly measured peak Raman gain coefficient to date in oxide glasses. Furthermore, the increased peak Raman gain coefficient with increasing thallium content reported here shows a trend of increasing non-resonant nonlinearity with increasing thallium content in the glass matrix, in partial agreement with the trend reported for no measurements listed in Table 1 in [16] . The reason for some of the discrepancies reported between this work and [16] will be discussed. 
